This paper proposes a model for obnoxious waste location-routing problem (LRP) considering various types of wastes and several treatment technologies. The investigated distribution network includes three echelons of generation nodes, treatment and disposal facilities. A multi-objective LRP model is developed with three objective functions minimizing the treatment and disposal facility undesirability, different costs related to the problem, and eventually the risk associated with transportation of untreated materials. An effective memetic algorithm is developed in which a tabu search algorithm performs the local search. Comparison of exact and meta-heuristic methods run times confirms that the proposed method is effective. Eventually, the developed algorithm is tested on a real-life case study.
Hazardous wastes are categorized into different types including universal, industrial, medical, construction, and electronic wastes like batteries and light bulbs, organic chemical production wastes, used needles, asbestos tiles, and computer CPUs, respectively. Before disposing these wastes, special treatment technologies are utilized for changing the physical, chemical, or biological characteristics of them in order to minimize their danger to people and environment. Each waste type has to be treated with a compatible treatment technology. For instance, if computer CPUs or CRT monitors are incinerated, they will cause health problems.
Due to the extensive risk of these materials, a variety of policies are devised for the purpose of storing, shipping, treating, and disposing of them. The policies are generally categorized into two groups of preventive and improving. Driver training, restricting transportation hours, special container specification, and special equipment are all regarded as preventive policies, while firefighting measures, rescuing and evacuating the residents are classified as improving ones. For example, in the UK, the safety assessment federation (SAFED) program provides driver training to encourage safe and fuel-efficient driving through a wide range of factors (McKinnon et al., 2010) .
In addition, governments enforce regulations to ensure safe transportation of hazardous wastes.
Prohibition of transporting hazardous wastes to town centers during restricted time of the day and obliging the supervisors to provide maximum safety are examples of government regulations.
Consequently, companies may pass up the opportunity to use the routes with minimum costs, and choose the paths with higher costs but lower risks in order to adapt hazardous waste transportation laws. In other words, transportation companies try to keep costs as low as possible while governments insist on reducing transportation risk. Risk reduction policies, government regulations, and trade-off between risk and cost makes hazardous waste management problems more complicated. Hazardous waste management is dealing with collection, treatment, and disposal of waste materials in order to bring safety to the environment and health to human societies.
Hazardous waste location-routing problems (LRP) are developed in order to make the management of hazardous wastes efficient. In hazardous waste LRPs, location of the facilities like treatment and disposal centers, and shipping routes are determined based on different factors like facility opening and material transportation costs, risks to the people living in the facilities' proximity, safety of the paths, and governmental laws.
Because of the nature of these problems, majority of research articles in the area focus on minimizing cost and risk. Since several stakeholders with various objectives are involved in such decisions, a three-objective hazardous waste LRP with the goal of minimizing facility undesirability besides the cost and risk is investigated in this paper. We also take into account different types of wastes and consequently different treatment technologies to make the problem more realistic.
Considering three objective functions results in increasing the time needed for solving the model drastically particularly in large-scale problems. In order to address this issue, the problem is decomposed into two sub-problems of location and routing with two objective functions in each.
The outputs of location sub-problem are considered as inputs for the routing sub-problem.
Decomposing the model also allows us to use a variety of cost and risk measures in each subproblem.
Hazardous waste LRP is NP-hard since it can be reduced to an uncapacitated facility location problem which is itself a NP-hard problem (Alumur and Kara, 2007) . That is, computational effort for finding the exact solution of large-scale problems increases significantly. In this paper, a solution method based on a combination of memetic algorithm (MA) and tabu search (TS) is developed in order to obtain near optimum solution in reasonable time.
The remainder of this paper is structured as follows: In Section 2, related papers in the HazMat LRP literature are reviewed. Section 3 presents the problem description. The problem is formulated in Section 4. The solution method is proposed in Section 5. Test problems and computational results are presented in Section 6. In Section 7, the model is implemented on a case study in Singapore.
Section 8 concludes the paper and provides future research suggestions.
Literature review
In Table 1 , related papers in the literature are categorized based on characteristics of the investigated LRP. The last row of the table compares the contribution of this research against the literature. In this section, gaps in the literature are highlighted, and contribution of this research in filling the gaps is explained. 
Majority of papers in the literature of hazardous waste LRP formulate problems as multiobjective mathematical models since different criteria impact locations of facilities and routing decisions. Most related research papers in the literature are similar in considering the risk and cost as objective functions (e.g. Alumur and Kara, 2007; Xie et al., 2012; Samanlioglu, 2013; Zhao and Verter, 2015) . In order to minimize environment-related risks and total cost, Zhao and Verter (2015) present a bi-objective model for the LRP. They have applied a modified weighted goal programming approach. Samanlioglu (2013) minimizes total costs of transporting and processing hazardous wastes, transportation risk which threatens people living along the routes, and site risks which are caused by disposal and treatment facilities. Another important criterion which is taken into account in some papers is distributing the risk equitably among different population centers (e.g., Wyman and Kuby, 1995; Giannikos, 1998; Zhang et al., 2005 Demand of generation nodes and capacity of the treatment and disposal facilities are two main factors based on which decisions on the number of required facilities are made. In some research papers, like Zhang et al. (2005) and Berglund and Kwon (2014) , it is assumed that the capacity of waste processing facilities is unlimited which is a simplifying assumption. It is appropriate to consider capacitated facilities in order to make the model applicable for real-world problems. In this paper, capacity of treatment facilities and disposal centers is limited.
In some cases, hazardous wastes can be recycled in generation nodes and/or treatment facilities.
This reduces the raw material and energy consumption, and amount of wastes that need to be disposed. In treatment facilities, besides recycling the wastes, they are treated in order to reduce their negative effects on people and environment. After treatment, the wastes are no longer hazardous. Therefore, transporting the treated wastes from treatment facilities to disposal facilities does not threaten the population along the routes anymore. In order to consider the difference between managing wastes before and after treatment, it is appropriate to take into account three different levels of generation nodes, treatment facilities, and disposal facilities; which is how the problem is defined in this paper. Majority of the research papers in the literature consider two levels of generation nodes and treatment/disposal facilities (e.g. Giannikos, 1998; Caballero et al., 2007; and Berglund and Kwon, 2014) .
In some research papers like Alumur and Kara (2007) , Xie et al. (2012) , Samanlioglu (2013) , and Li et al. (2015) , the applicability of the model is demonstrated by solving a real case problem. Alumur and Kara (2007) implement their model in the Central Anatolian region of Turkey. Xie et al. (2012) justify their model by using it to solve the problem in 20 southern states of United States. Samanlioglu (2013) apply the model to solve the hazardous waste LRP in Marmara region of Turkey. Li et al. (2015) have chosen an industrial intensive district in Hebei Province in China as an empirical object to study their model result. We examined our model in a case study of hazardous waste management in Singapore.
Considering the problem in single period context and ignoring the uncertainty of demand in hazardous waste LRPs is a gap in the literature. Only Jacobs and Warmerdam (1994) investigate the problem in multi-period context, and Berglund and Kwon (2014) is the only research paper that takes into account the uncertainty of demand. This gap would be addressed in future research.
Problem Description
In an attempt to reduce energy and raw material consumption, a part of hazardous wastes are It is noticeable that vehicles assigned to a specific type of waste are parked in the treatment center which is equipped with technology of treating that type of waste. Hence, vehicles start their travel from treatment centers and return to the same place. This study aims to introduce a model and a solution method for hazardous waste facility location and routing problem in order to manage the wastes in an efficient way with low risks. In this paper, the location-routing problem is formulated as a three-objective mathematical model. The model is broken down into two different parts: first one includes two objective functions of evenly distributing the facility undesirability and minimizing facility location costs; the second one aims to minimize transportation costs and risks. The reason of decomposing the problem into two parts is that since establishing obnoxious facilities often raises governmental and non-governmental organizations' resistance, related decisions are so risky, and it is probable to loss a huge amount of money due to inaccurate decision making. Therefore, undesirability of facilities and relevant costs should be studied and modeled independently from other decisions in LRP like routing and its costs.
Regarding location decisions, this paper attempts to select facility sites from specific potential locations as they cannot be established in all places due to governmental and environmental regulations. The capacities of treatment and disposal facilities are considered to be limited.
As different types of wastes are studied, waste-vehicle compatibility constraints are considered to ensure that wastes are transported using consistent vehicles. In addition, as different treatment technologies are needed to process different types of wastes, waste-technology compatibility constraints are taken into account to guarantee that wastes are in accordance with related treatment technologies.
The opportunity to select among different types of vehicles with different capacities helps to transport the wastes between nodes more efficiently. Since vehicles are capacitated, the problem is of CVRP (Capacitated Vehicle Routing Problem) type. There is no partial delivery in the problem, which means demand for any product in any point is supplied by only one vehicle. It is assumed that waste transportation cost is independent of the waste type. Therefore, the transportation cost depends on the quantity of transported wastes and the tour length traveled. The problem data are assumed to be constant in a long period of time which makes the problem of static type. Demand in generation nodes is assumed to be deterministic.
Problem Formulation
In this section we formulate the problem as an optimization model that can provide a basis for the solution technique. First, we introduce notations used in the model and then present a closed-form formulation.
Notations
Main : A binary variable equal to 1 if vehicle v is used; 0, otherwise.
: A binary variable equal to 1 if waste w is assigned to treatment technology q; 0, otherwise.
: A binary variable equal to 1 if waste w is shipped using vehicle v; 0, otherwise. According to notations explained above, the problem can be formulated as follows:
(1)
Objective function (1) minimizes the sum of treatment and disposal centers' undesirability throughout the region. Undesirability of a facility to a specific node is an increasing function of the population living in the node and the facility size, and a decreasing function of the distance between the node and the facility. The value of γ and θ should be determined by decision makers based on the characteristics of their problem. It is clear that if γ increases the undesirability grows, and increasing θ means reducing undesirability. For example, regarding the population, if the number of children and old people in a population is a big number, the decision maker should assign a greater value to parameter γ. θ should be determined according to the characteristics of the hazardous material. For example the influence radius of a material is different than that of the others. The decision maker should choose a higher value for θ if the influence radius of the material is small.
Undesirability of a disposal centre could be considered more or less than that of a treatment centre.
After treating the materials in treatment centers, the residues are normally less hazardous compared to the materials before treatment. determines the fraction of risk remained after treatment.
Hence, the value of depends on the material and the treatment technology. technology. Constraints (6) state that total capacity of settled treatment centers is greater than the demand of generation nodes after subtracting the amount of recycled wastes. Constraints (7), similarly, represent the capacity constraints for disposal facilities. Constraints (8) enforce that each waste type is transported using a specific vehicle type. As it is mentioned in Section 3, vehicles' parking lot is located in treatment centers. Constraints (9) show that the vehicle assigned to a specific waste type starts its route from the treatment center which is equipped with technology for treating that type of waste. Constraints (10) enforce that the end point of a vehicle's route is the related treatment center. Constraints (11) and (12) (20) identify types of the variables.
Solution Method

Decomposing the Model
As it is shown in the previous section, the model contains 3 objective functions. To solve the model, we divide it into two bi-objective models using MODM method. The solution technique is thus hierarchical including one location problem and one routing problem. The results of solving the first model are considered as parameters in second one. In doing so, the location and routing problems can be solved and modified separately. Two bi-objective models are as follows: Constraints (4)- (7) , , ∈ {0,1} ∀ , ,
Objective function (21) , , ∈ {0,1} ∀ , , ,
Objective function (24) minimizes transportation costs, and vehicles' leasing or purchasing costs.
Objective function (25) is the same as objective function (3). Results of this model determine
routing and vehicle utilization decisions, and the amount of wastes disposed in each disposal center.
Solution Technique
It is a common practice in the literature to use Sequential Methods, Iterative Methods, and Nested
Methods to attack LRPs (Tuzun and Burke, 1999) . Min et al. (1998) and Balakrishnan et al. (1987) believe that sequential methods are preferred for problems with considerable fixed cost of facilities and small number of vehicles from computational perspective.
Since the LRP is NP-hard (Alumur and Kara, 2007) , using heuristic methods to solve the largescale problems is more efficient in terms of computational efforts. As it is shown in Table 2 , we categorize 78 research papers in the scope of location-routing into 6 groups based on their solution methods. Berglund and Kwon (2014) Most research papers, that solve the model to optimality, like List et al. (1991) , Stowers and Palekar (1993) , Current and Ratick (1995) , and Wyman and Kuby (1995) exploit optimization software like GAMS and LINDO; and CPLEX as the solver. However, it is not efficient to use optimization software for solving real-life large scale problems. In order to tackle this issue, metaheuristic methods like Tabu search, simulated annealing, ant colony, particle swarm, genetic algorithm, memetic algorithm, variable neighborhood search, and neural network are used to solve location-routing models.
The existing studies suggest that tabu search (TS) algorithm may be an appropriate method to solve the problem. Since TS is an improving algorithm, and the main factor affecting the optimal solution while using improving algorithms is the initial solution, genetic algorithm (GA) can be applied in order to generate initial solution to be fed to TS.
While classical genetic algorithm is often claimed to be deficient in terms of sufficient search intensification, memetic algorithm (MA) takes advantage of capability of efficient heuristics by combining domain knowledge and population-based search approaches like GA (Pishvaee et al., 2009, and Shen et al., 2015) . MA has been widely used in optimization problems such as distribution problems (Boudia and Prins, 2009 ), timing problem (Moghaddam et al., 2009) , and etc.
As the result, the method used here will be an MA in which TS algorithm does the local search. We generate the initial solution using GA, and then apply TS to improve the solution. TS uses the current best solution as an initial solution to be improved using curve-fitting with respect to population property of a set of generated solutions.
Chromosome Representation Location Model:
If N is the number of potential locations for disposal facilities and K is the number of treatment technologies, the chromosome length is N+K. In Figure 3 , T indicates the location of corresponding treatment technology Q. Routing Model: An arbitrary solution for routing model is shown in Figure 4 . It is considered that the number of waste types is 2 and the number of customers is 12. Each waste type is collected using the corresponding vehicle through 3 trips. 
Memetic Algorithm
The steps of memetic algorithm are as follows:
Step 1: Initiation.
Generate chromosomes randomly.
If the chromosome is a feasible solution,
Collect chromosomes to obtain defined population
Step 2: Evaluation
Calculate the value of two objective functions.
Calculate the fitness value.
Step 3: Selection Select four parents using roulette wheel method of selection from current population.
Step 4: Operators
Apply crossover operator on selected parents to generate offspring.
Apply mutation operator on selected parents to generate offspring.
Step 5: Local search Apply TS algorithm for generated offspring.
Choose the best offspring according to fitness value and remove the other offspring.
Put the current solution (chromosome) into new population.
Step 6: Termination
If the evolution loops replicate invariable times, stop the run, if not, go to step 3.
It is worthwhile to mention that we use roulette wheel method for generating the parents in step 3. It means that there is randomness in selecting the offspring. In addition, in the local search, we first apply TS algorithm, then we choose the best offspring. Hence, we do not necessarily select super genes or super chromosomes.
Computational results
In this section, 10 sample problems are developed in order to show the applicability of the model. In developing the sample problems, parameters assumed in PRODHON sample problems are applied.
These parameters include location coordinates of the nodes; number of customers; number of potential locations for treatment facilities; demand nodes for waste type 1; maximum capacity of treatment facilities; fixed opening cost of treatment facilities; maximum capacity of vehicles; and cost of using vehicles for transporting hazardous wastes. Other parameters which are shown in Table 3are randomly generated. Table 4 indicates general specifications and size of the test problems. 70  1  3  3  5  1  70  2  5  5  10  2  70  2  5  5  20  3  70  2  5  5  20  4  150  2  5  5  20  5  70  3  5  5  20  6  70  4  5  5  20  7  70  2  5  10  50  8  70  2  5  10  100  9  70  2  20  10  200  10 For solving a n-objective model, fitness function incorporates the objective functions as follows:
Subject to:
, which is a non-negative number, is the corresponding weight of i th objective function. The weights are chosen based on the priority of objective functions. The new objective function for location and routing bi-objective models is as follows:
Where Z 1 and Z 2 are first and second objective functions and Z* denotes the optimal objective value obtained from solving single-objective model.
Due to the significant negative effects of transporting hazardous wastes and people's sensitivity to it, it is supposed that decreasing risk has higher priority than cost. Hence a greater weight is assigned to risk and undesirability. In this study, we assume that weight of the risk and undesirability is 0.6, and weight of the cost is 0.4.
Test problems are solved using LINGO version 14.00 on a Dell, LATITUDE D630, Intel(R) Core 2 DUO 2 GHz computer with 2 GB RAM. Besides solving the problems to optimality, they are solved using MA, and the results are shown in Table 5 . Figure 6 demonstrates run times of both exact and heuristic methods when cost is the only objective function. Figure 7 shows the run times in case that risk is the only objective function. Figure 8 indicates the run times of those two methods in case that both cost and risk are considered as objective functions. 
Case Study
In this section we describe structure of HazMat management system in Singapore. Handling
HazMat shipments in Singapore, which includes transportation planning, routing and scheduling in order to reduce threat to life and property in the event of fire or explosion, is in the charge of the Singapore Civil Defence Force (SCDF). SCDF has specified approved transport routes in detail. 
The Transportation Network
We have considered Meng et al. (2005) network in Singapore. Meng et al. (2005) consider three types of roads including express way, primary and secondary road. Since their data are out-dated we have checked these roads. Several roads have been changed and promoted. However, since we are testing a problem in which types of roads are not playing a key role; we have not focused on it. In Table 6 , the basic data we are using are shown. National statistical authority is responsible for disseminating official statistics on Singapore. Singapore has more than 4.8 million habitant and 63.2% of them are working. We have assumed that 40% of these working people leave their districts to the other districts to reach their working place (http://www.singstat.gov.sg/). This information is useful for the first period when all people are staying at home before going to their work place. 
Hazardous Waste Types
For HazMat shipments usually a 3-PL company has to apply for SCDF and ask for permission about the time and the route of shipment. SCDF will investigate the application with respect to the shipment specifications including HazMat class type, amount of it and also requested time span and will make the final decision.
SCDF has divided the approved HazMat class types into two main groups as follows:
 Petroleum (including Class 0, 1, 2 and three with respect to flash point) 
HazMat Risks
In this case study we have considered the two major groups as the HazMat class types. Therefore, we have two HazMat types: petroleum and flammable materials. For the first group (petroleum) we have considered the worst case (the lowest flash point). Therefore, we set its evacuation distance equal to 1600 meters (Verter and Kara, 2008) . For the second group (flammable materials) the impact zone is 800 meters in all directions (Meng et al., 2005) ; i.e. total population exposed for the class-1 HazMat is four time bigger than that for class-2 HazMat.
Results and insights
In order to solve a real world problem, we use data of the Singapore case study, and adjust them to fit the model. To solve the problem, 3 nodes are added to the network as potential locations for treatment centers. In addition, 2 nodes of the network are considered as potential locations for disposal centers. Based on the results, the disposal center, and treatment centers Q 1 and Q 2 are established in nodes 22, 25, and 24, respectively.
According to the results, undesirability of the network grows significantly by increasing types of wastes, particularly when considering cost as the only objective function. However, it does not have a major effect on treatment and disposal facilities location costs. Similarly, transportation costs and vehicles leasing or purchasing costs do not change significantly. Moreover, changing number of customers results in a huge boost in undesirability. We infer from the results that both cost and risk increase as predicted, but the increasing rate of undesirability is much more than that of cost and risk. It is worth mentioning that the increase in risk is more than cost.
In order to investigate the impact of vehicle capacity on results, it is doubled while other parameters are constant. We observe that transportation costs decrease by half while risk diminishes by a small amount, however, undesirability and other costs do not change. It can be deduced that changing the capacity of fleet or vehicles is an operational strategy throughout the network.
Conclusions and Future Research
We proposed a three-objective model for hazardous waste location-routing problem. The proposed model is decomposed into two models and solved separately; location problem and routing problem. The results of the location model are considered as parameters in the routing model. The developed formulation in this paper makes the LRP capable of being solved for location and routing problems separately. Accordingly, it is solvable for any risk and cost measures of location and routing problems independently.
Most problems solved in the literature are small-sized. The largest problem ever solved is the one considered by Alumur and Kara (2007) , with 92 generation nodes and 20 candidate sites. In this paper, a large-scale problem is solved containing 200 generation nodes and 30 candidate sites whereas the computational time was less than that of Alumur and Kara (2007) .
Some wastes such as hospital and civil wastes cannot be transported together, and they also need different treatment technologies. Accordingly, various types of wastes and several treatment technologies have been considered in this research, which is more realistic. Based on this, wastes are sent to treatment facilities with relevant technologies.
Literature review reveals the lack of an effective meta-heuristic method to solve LRP problems.
This paper presents a meta-heuristic method which is effective in terms of computational time and quality of the solution. A memetic algorithm is designed alongside a TS algorithm that does the local search. The performance of the proposed meta-heuristic method is compared with that of the exact method.
One assumption in this paper is that all parameters in the problem are deterministic and there is no uncertainty in the problem while, in practice, parameters like costs, undesirability factor, and the population of the region are mostly probabilistic or even fuzzy. Using different methods such as iterative or nested method, other heuristic and meta-heuristic methods like SA, AC, and comparing the quality of solutions and computational times would be a significant contribution.
It should be noted that inventory management has not yet attracted much attention in LRP problems. In this case, in addition to finding optimum locations and tours, facility inventory constraints must be considered in the model. Furthermore, using step functions for transportation costs as a function of transport weight (Ghiani et al., 2004) makes the problem more realistic. Prices offered by transporters are often nonlinear and, sometimes, step function. Using this type of cost structure may constitute further development for this research.
